Gonadotropin therapy is commonly used to induce virilization and spermatogenesis in male isolated hypogonadotropic hypogonadism (IHH) patients. In clinical practice, 5.6%-15.0% of male IHH patients show poor responses to gonadotropin treatment; therefore, testosterone (T) supplementation can serve as an alternative therapy to normalize serum T levels and promote virilization. However, treatment with exogenous T impairs spermatogenesis and suppresses intratesticular T levels. This retrospective study aimed to determine whether oral testosterone undecanoate (TU) supplementation together with human chorionic gonadotropin (hCG) would negatively affect spermatogenesis in IHH patients compared with hCG alone. One hundred and seven IHH patients were included in our study. Fifty-four patients received intramuscular hCG and oral TU, and 53 patients received intramuscular hCG alone. The median follow-up time was 29 (range: 12-72) months in both groups. Compared with the hCG group, the hCG/TU group required a shorter median time to normalize serum T levels (P < 0.001) and achieve Tanner stage (III and V) of pubic hair and genital development (P < 0.05). However, there were no significant differences in the rate of seminal spermatozoa appearance, sperm concentration, or median time to achieve different sperm concentration thresholds between the groups. In addition, there were no significant differences in side effects, such as acne and gynecomastia, observed in both groups. This study indicates that oral TU supplementation together with hCG does not impair spermatogenesis in treated IHH patients compared with hCG alone, and it shortens the time to normalize serum T levels and promote virilization.
pulsatile infusion of GnRH or gonadotropin treatment consisting of human chorionic gonadotropin (hCG) alone or combined with human menopausal gonadotropin (hMG)/recombinant follicle-stimulating hormone (rFSH). 4, [8] [9] [10] For the fertility restoration, the pulsatile infusion of GnRH and gonadotropin treatment, but not TRT, can induce spermatogenesis. 8, 9, 11, 12 In clinical practice, 5.6%-15.0% of male IHH patients show poor responses (e.g., subnormal serum T levels) to gonadotropin treatment, even at high doses of hCG. 13, 14 For IHH patients exhibiting poor responses, an alternative therapy could combine testosterone (T) with gonadotropin treatment to normalize serum T levels and promote virilization. However, TRT has adverse effects on spermatogenesis, which has been reported extensively. TRT in eugonadal men suppressed intratesticular T (ITT) levels, induced germinal epithelial atrophy, and impaired spermatogenesis. [15] [16] [17] Notably, previous TRT history for patients with hypogonadotropic hypogonadism was recognized
INTRODUCTION
Isolated hypogonadotropic hypogonadism (IHH) is a rare congenital disorder characterized by absent or incomplete sexual development and infertility. The incidence of IHH was estimated to be 1:10 000 in males and 1:50 000 in females. 1 The causes of IHH include deficient development and migration of gonadotropin-releasing hormone (GnRH) neurons and deficient GnRH secretion and action. 2 IHH is classified into two subtypes, Kallmann syndrome (KS) and normosmic isolated hypogonadotropic hypogonadism (nIHH). Kallmann syndrome accounts for approximately 50%-60% of IHH patients and is associated with anosmia or severe hyposmia, whereas nIHH is associated with a normal sense of smell. 3 The goals of the treatment in male IHH patients include virilization induction and fertility restoration. Testosterone replacement treatment (TRT) is primarily used to induce genital maturation and promote secondary sexual characteristics. [4] [5] [6] [7] Virilization can also be induced by
Testosterone undecanoate supplementation together with human chorionic gonadotropin does not impair spermatogenesis in males with isolated hypogonadotropic hypogonadism: a retrospective study as an independent factor that could decrease the likelihood of spermatogenesis and conception. 18 Considering the above adverse effects of TRT on spermatogenesis, it is unclear whether testosterone supplementation together with hCG is a suitable choice for IHH patients. The objective of this study was to investigate whether oral T undecanoate (TU) supplementation together with hCG negatively affects spermatogenesis in IHH patients compared with hCG alone.
PATIENTS AND METHODS

Patients
From January 2011 to May 2017, 201 patients were included in this retrospective study. Patients were diagnosed on the basis of the standard criteria 19 and received hormonal treatment at the Urology Clinic of Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology, Wuhan, China. However, 94 patients were excluded from data analysis because of change of treatment, poor compliance, or an incomplete medical record. Therefore, only 107 patients were available for retrospective data analysis (Figure 1) . The study protocol complied with ethical guidelines and was approved by the Ethics Committee of Huazhong University of Science and Technology. Written informed consent was obtained from each patient before inclusion in the study.
Clinical measurements
For each patient, body mass index (BMI), Tanner stage, testicular volume (TV), the presence of cryptorchidism, particular phenotypes (e.g., cleft lip and palate), chromosome karyotype, and medical history were documented at the first hospital visit. Pubic hair and genital Tanner stage were evaluated by a senior physician with reference to five Tanner stages of pubertal development. 20 The physician recorded which stage most represented the current stage of patients. TV was measured by a Prader orchidometer (Foshan Bifrost Technology Co., Foshan, China), including the scrotum. Serum sex hormone levels, whole blood count, hepatic and renal function, thyroid hormones, and cortisol levels of each patient were measured, and magnetic resonance imaging (MRI) was performed for the head, including pituitary gland and olfactory bulb/tract.
Laboratory analyses
At each visit, blood samples were taken before 10 a.m., 48-72 h after injection of hCG. Serum FSH, luteinizing hormone (LH), and total T and estradiol (E 2 ) levels were determined by chemiluminescence immunoassay (UniCel DXI 800; Beckman Coulter, Fullerton, CA, USA). The normal reference ranges of FSH, LH, total T, and total E 2 were 1.27-19.26 mIU ml , respectively. Semen samples were initially collected after repeated ejaculations and again after 2-7 days of abstinence, once the patients were capable of masturbation. However, when no spermatozoa were found in these wet preparations, the samples were centrifuged (3-16KL; Sigma, Osterode, Germany) at 3000 g for 15 min to determine if any spermatozoa are present in a larger sample. The semen collection and analysis complied with the WHO laboratory manual for the examination and processing of human semen (fifth version).
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Treatment and follow-up Potential benefits and side effects of the two treatment options were explained to each patient beforehand, and the patients voluntarily selected their own treatment. Fifty-four patients chose to receive the intramuscular injection of hCG (Livzon Pharmaceutical Co., Zhuhai, China) together with oral T undecanoate soft capsules (Catalent France Beinheim S.A., Beinheim, France), while 53 patients chose to receive hCG alone. Initially, patients in both groups had 2000 IU hCG injected twice per week. Oral TU was taken at 40 mg twice daily. To ensure effective absorption, oral TU soft capsules were taken with fatty meals according to the user manual. In the first 6 months, hCG doses were adjusted according to patients' serum T levels. The maximum dose of hCG used in our study was 8000 IU twice per week. Patients were reviewed at intervals of 3-6 months, and their BMI, Tanner stage, TV, serum FSH, LH, T and E 2 , and semen parameters were measured at each visit.
Clinical outcomes
The major study outcomes included Tanner stage, TV, serum sex hormone levels, spermatogenesis, and the potential side effects. The TV was the mean value of bilateral TV. Seminal spermatozoa appearance (sperm concentration >0 ml −1 ) was defined when at least a single spermatozoon was observed in a semen sample under the microscope (BX43; Olympus, Tokyo, Japan) after centrifugation at 3000 g for 15 min. We recorded the follow-up time required to achieve different thresholds of Tanner stages (III and V), to normalize serum T levels (1.75-7.81 ng ml −1 ), and to achieve sperm concentrations >0 and ≥15 × 10 6 ml −1
. Side effects (severe acne, gynecomastia, allergy, and other discomfort associated with treatment) and pregnancy during the follow-up were also recorded.
Data analyses
Posttreatment parameters from the most recent visit were used for data analysis. Data analysis was performed using SPSS version 23.0 (IBM Corporation, Armonk, NY, USA). Normally distributed data were presented as mean ± standard deviation (s.d.) and analyzed by nonpaired t-tests, and nonnormally distributed data were presented as median (range or interquartile range) and analyzed by nonparametric tests. Differences in the binary outcomes between the two groups were compared by the Chi-squared test ( 2 test). Kaplan-Meier plots were used to analyze the median time to achieve different thresholds of parameter values. Statistical power analysis was performed using NCSS and PASS version 11.0 (NCSS LLC., Kaysville, UT, USA). Subgroup analysis was performed using the basal TV (≥4 ml and <4 ml). Difference were considered statistically significant when P < 0.05.
RESULTS
Baseline characteristics
Clinical characteristics at baseline are shown in Table 1 . The mean age (year) of patients at the beginning of treatment did not differ between groups. The TV of eight patients could not be measured precisely (six patients with cryptorchidism, one with scrotal dysplasia, and the other with anorchia). No significant differences were found in pubic hair and genital Tanner stages, TV, and serum sex hormone levels between the groups (all P > 0.05). Laboratory results for whole blood counts, hepatic and renal function, thyroid hormones, and cortisol levels were all within the normal range.
Therapeutic effects
Posttreatment clinical characteristics are shown in Table 2 . Compared with pretreatment, posttreatment pubic hair and genital Tanner stages were increased significantly in both groups (both P < 0.001). Similarly, TV and serum T levels were increased in posttreatment compared with pretreatment in both groups (both P < 0.001).
Tanner stage
Posttreatment pubic hair and genital Tanner stages were significantly higher in the hCG/TU group than those in the hCG group (both P < 0.05, Table 2 ). Our analysis excluded patients who achieved Tanner stage (III and V) at the beginning of treatment and/or whose TV could not be measured precisely. The hCG/TU and hCG groups required 7 months (n = 42, 95% confidence interval [CI]: 5.4-8.6 months) and 11 months (n = 50, 95% CI: 9.3-12.7 months), respectively, to achieve pubic hair Tanner stage III (P = 0.020; Figure 2a ). To achieve pubic hair Tanner stage V, the hCG/TU and hCG groups needed 19 months (n = 52, 95% CI: 14.5-23.5 months) and 25 months (n = 53, 95% CI: 22.6-27.4 months), respectively (P = 0.010; Figure 2b) . Similarly, the median time to achieve genital Tanner stage III was 6 months for the hCG/TU group (n =39, 95% CI: 5.3-6.7 months) and 9 months (n = 45, 95% CI: 7.4-10.6 months) for the hCG group (P = 0.012; Figure 2c ). To achieve genital Tanner stage V, the hCG/TU and hCG groups required 15 months (n = 48, 95% CI: 11.7-18.3 months) and 21 months (n = 49, 95% CI: 16.5-25.5 months), respectively (P = 0.004; Figure 2d ).
Testicular volume and serum hormone levels
Posttreatment TV showed no significant difference between groups (P = 0.830; Table 2 ). Similarly, no significant difference was seen in serum T levels (P = 0.411). However, a significant difference was observed in the median time to normalize serum T levels between groups: 3 (95% CI: 2.3-3.7) months for the hCG/TU group versus 7 (95% CI: 6.0-8.0) months for the hCG group (P < 0.001; Table 2 ).
Sperm concentration and conception outcome
There were no significant differences in the rate of seminal spermatozoa appearance (P = 0.928) or median sperm concentration (P = 0.917) between the two groups ( Table 2) . Kaplan-Meier survival analysis showed that the median time to achieve a sperm concentration >0 ml −1 was 35 (95% CI: 31.3-38.7) months in the hCG/TU group and 30 months in the hCG group (95% CI: 27.9-32.1 months) (P = 0.613; Figure 3a) . The median time to achieve a sperm concentration ≥15 × 10 6 ml −1 was 57 (95% CI: 48.3-65.7) months in the hCG/TU group and 53 (95% CI: 45.3-60.7) months in the hCG group (P = 0.282; Figure 3b ). Eight partners of IHH patients achieved pregnancy during the follow-up period. Among them, three patients received hCG/TU treatment, while the remaining five received hCG alone. Sperm , and the lowest value of sperm motility was 6.8%.
Sperm concentration for patients with different basal testicular volumes
In the hCG/TU group, comparisons between subgroups with a basal testicular volume (BTV) <4 ml and ≥4 ml found that the later subgroup had a shorter median time to achieve sperm concentrations >0 ml −1 (26 vs 38 months, P = 0.004; Figure 4a ) and ≥15 × 10 , P = 0.047; Figure 4c ). Consistently, there were no significant differences in the rate of seminal spermatozoa appearance or the median time to achieve a sperm concentration > 0 ml -1 (P = 0.098; Figure 4d ) between the hCG subgroups with BTV ≥ 4ml and < 4ml. However, the BTV ≥ 4ml subgroup in the hCG group had a shorter median time to achieve sperm concentrations ≥ 15 × 10 6 ml -1 (34 vs 56 months, P = 0.049; Figure 4e ) compared with the BTV < 4ml subgroup. In addition, no significant difference was observed in the median sperm concentration (P = 1.000; Figure 4f ) between the hCG subgroups with BTV ≥ 4ml and < 4ml.
Side effects
Severe allergic reactions were not observed in any patients during the follow-up period. Mild acne was recorded in 16.7% (9/54) and 9.4% (5/53) of the hCG/TU and hCG groups, respectively. Gynecomastia was reported in 13.0% (7/54) and 15.1% (8/53) of the hCG/TU and hCG groups, respectively. Among them, 13 patients had mild gynecomastia and two patients had moderate gynecomastia. Their serum E 2 levels were assessed as high, and aromatase inhibitors were therefore administered and gynecomastia was relieved. Frequent erections and injection site infections were not observed in any patients.
Statistical power
In both hCG/TU and hCG group, the statistical power of comparisons between pretreatment and posttreatment were 1.00 in Supplementary Table 1 and 2. However, the statistical power analysis showed that the power of two comparisons in genital tanner stage and median time to normalize serum T were > 0.8, whereas the remaining comparisons were all < 0.8 (Supplementary Table 3) . Consistently, the power of comparisons between the hCG/TU subgroups with BTV ≥ 4ml and < 4ml were < 0.8 (Supplementary Table 4) , and same condition was seen in comparisons between the hCG subgroups with BTV ≥ 4ml and < 4ml (Supplementary Table 5 ).
DISCUSSION
TRT in male IHH patients aims to induce puberty and secondary sexual characteristics. 22, 23 Even in the era of gonadotropin therapy, T supplementation remains an alternative regimen to maintain normal serum T levels and promote virilization in IHH patients when gonadotropin therapy is ineffective. In our study, we observed that TU supplementation together with hCG had no harmful effects on spermatogenesis compared with hCG alone, and it shortened the time to normalize serum T levels and promote virilization.
Intratesticular T is essential for spermatogenesis and is secreted by Leydig cells under LH stimulation. The ITT levels range from 100 to 1000 fold higher than serum T levels. 24 Under physiological conditions, TRT results in a decrease in ITT levels and impairs spermatogenesis. Although serum FSH and LH levels are below the normal range in the majority of IHH patients, their ITT levels can be influenced by the combination of exogenous hCG administration and subnormal serum LH levels during gonadotropin treatment. One study found that TRT plus hCG treatment maintained normal ITT levels during follow-up periods. 25 Furthermore, concomitant hCG appeared to maintain semen parameters in hypogonadal men on TRT. 26 In concordance with the above observations, the efficacy of both groups in our study was approximately similar in terms of spermatogenesis, such as the rate of seminal spermatozoa appearance, sperm concentration, and the median time to achieve different sperm concentration thresholds.
The median time to achieve sperm concentration >0 ml −1 in the hCG group was 30 months, which was much longer than that found in a previous study (11.7 [s.d.: 3.6] months). 8 Two factors may account for this difference. First, the follow-up interval was longer and inconsistent (3-6 months). Second, following ethical requirements, semen analysis was performed after patients were able to masturbate, which further extended the time recorded.
For male IHH patients, virilization can be induced by either TRT or gonadotropin treatment. To date, few studies have compared the efficacy of TRT and gonadotropin treatment on virilization. One study of IHH patients showed the benefit of T esters or T gel administration over hCG alone, in terms of obtaining higher serum T levels and b a more advanced Tanner stage after 6 months of follow-up. 4 A similar study found that IHH patients achieved Tanner stage V after receiving intramuscular TU for 15 months. 5 Our results echo these studies; TU supplementation together with hCG required a shorter time to achieve different thresholds of Tanner stage (III and V) compared with hCG alone. The earlier virilization may be attributable to earlier normalization of serum T in the hCG/TU group. However, this efficacy needs to be confirmed in future investigations.
In the analysis of different BTV, our current findings suggested that the BTV ≥4 ml subgroup required a shorter time to achieve sperm concentrations >0 or ≥15 × 10 6 ml −1 compared with the BTV <4 ml subgroup. Consistent with our findings, it was reported that the rate of seminal spermatozoa appearance and sperm concentrations were higher in IHH patients with BTV ≥4 than BTV <4 ml after gonadotropin treatment. 27 Moreover, gonadotropin-deficient males with larger TV required a shorter time to achieve different sperm concentration thresholds (>0, 5 × 10 6 , and 20 × 10 6 ml −1
). 28 Thus, a larger BTV (≥4 ml) may be a positive prognostic factor associated with successful and earlier spermatogenesis.
Acne and gynecomastia were the most frequent side effects recorded in both groups. However, there were no significant differences in the rates of acne and gynecomastia, indicating that TU supplementation did not promote acne and gynecomastia more than hCG alone.
Owing to its safety profile on spermatogenesis and improved virilization, we suggest that TU supplementation together with hCG provides a suitable choice of therapy for IHH patients who show poor responses to gonadotropin, even at high doses of hCG. However, in IHH patients exhibiting good responses to gonadotropin treatment alone, although TU supplementation may result in earlier normalization of serum T and virilization, the increased medical costs and limited improvement in virilization should be taken into consideration.
Our study has several limitations. First, owing to its retrospective nature and limited sample size, the statistical power of some comparisons is relatively low. The power analysis of many comparisons indicated that a large number of IHH patients (e.g., 19 360 patients in one comparison) would be required to detect differences at 80% power. However, it is difficult to recruit many patients because of the low incidence of this rare disease (1:10 000 in males). Second, variation in geographical distances has led to inconsistent intervals for followup reviews. A shorter and more regular follow-up period is required. Third, the formulation of oral TU has low bioavailability and is highly dependent on the lipid content of food intake. Fourth, bone density is an important outcome in the treatment of IHH patients, but was not measured in our study. Bone analysis should be included as a necessary follow-up outcome in future investigations.
CONCLUSIONS
Our results indicate that oral TU supplementation together with hCG does not impair spermatogenesis in the treatment of IHH patients compared with hCG alone, and it shortens the time to normalize serum T levels and promotes virilization. However, prospective, multicenter, randomized studies with larger sample size are needed to validate our conclusions.
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